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A1]S7’RACT

Results of an observing program m monitor the synchrotm  radio emission from

Jupiter’s inner radiation belts before, during and after the impact of Comet S1 .-9 are

reported, The obscrva[ions  were made a[ 2295 Ml Iz as part of the NASA -JP1.

Jupiter Patrol, a long-term radio astronomy monitoring program begun in 1971.

~’he data indica[c that the in[cnsity of the synchrotrons emission at ] 3 cm wavelength

incrcascd by 27 pcrccnt  within a few days after the comet  impac~s; the longitudinal

beaming curve was dismr(cd  during the week of i]l]pacts;  the magnetic latitude

beaming curves flattened after the week of impacts suggesting an incruse in the

emission at higher magnetic kititudcs;  and the decay of the cnhanccd  emission is

consistent with an exponential with a time. constant of -125 days. ‘1’hc reported

changes following the S1 .-9 impact are unprecedented in (he Xl-year history of the

Jupiter Patrol.

IN’1’RO1)IJCI’1ON

‘1’hc spcctacu]ar  impacts of fragments of periodic Con)ct Shocnlaker-Ixvy-9  provided a rare

opportunity to study the rcsimnsc of Jupiter’s radiation belts to a series of energetic

perturbations. Responding to predictions that the colnet  frag,mcnts  would  imp:ict Jupiter in
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July 1994, preparations were made by radio asumon  ICI’S  worldi!riflc  to moni[or the

synchrolron  emission [Iuit (iominalcs  the planc(’s nlic] owavc s[x’{’tl Llnl al dccimctric

WJavclcngIhs.  ‘1’hc research rc}mr[cd  in (his p:ipcr is par[ of [hr NASA -JI’I. Jupiter  I’;itro], a

long-mm  radio astronomy monitoring prograln begun in 19-/1 (Klein C( al 1972). ‘1’hc

Jupi(cr l>alrol observations have consis[cntly  been made at 2295 MlIz.(13 cm wavelength)

several limes a month in the first (iccadc and several times a year ill recent years. ‘1’hc

observing progran]  was intensified in January 1994 ill response to the impact predictions

for the following July.

‘1’hc Jupiter l’atrol dala have shown (Klein et al 1989) that s>rnchrot  ron emission from

rcla[ivis[ic electrons trapped in Jupiter’s innc] radiation belts exhibit long term variability

with tilncscalcs  of weeks  [0 months. Bolton ct al (1 9X9) have pmscntcd  evidence of a

possible  corrcla(ion  with solar wind parameters. ‘1’hc observations reported in this paper

were performed to investigate (he propmics  of [he ra~{iation  belts by n]casuring possible

clluls of the comet impacts.

‘1’1 11{ OIISI; RVATIONS

‘1’hc obscrvatiom began in December 1993 to establish a set of baseline measurements in

advance of (he pmdictcd  enccmnter  in July. ‘J’hc first set of observations were made with

the ~;oldstme  70-111  antenna on ten dates between Dccembcr  26, 1993 and March 27,

1994.  Ilcginning  in JL]nc a 34-n~ctcr  antenna located :it the f{cscar~’h  and Development site

at Goldstonc  was used because it would be n]orc available [h:in ihc 70-IN for the intensive

observations that were antic ipate(i  during the sunlnmI  montl)s.

‘1’hc nlcasurmcnt  procc(iures  were similar at both sites. lloth rcccivillg  systems were

opcrate(i  as total power radiometers using a method (Stclz.ricd  and Klein 1994) that

intersperses system calibrations with traditional 01:1:- ON-O1:l: measurements of Jupiter

and calibration radio sources. This method has pI”ovc”n to be superior for precision flux

density mcasurcn~cnts  of strong sources, like Jupiter, where systematic errors tend to

dominate the receiver-noise errors that mndomly affect the dctccti(m of weak sources.

Small corrections arc routinely made for gain variations, system nonlincaritics,  antenna

poin(ing errors an(i for the parlial resolution of souru structure I)y the antenna beam. The

algorithm of de Patcr et al ( ] 995) was usc.ci to correu  for the p;lrlial  resolution of the

thermal an(i non-thcmal  components of Jupiter’s mi(mwavc emission. “1’he factor for the

70-m antenna rangeci  from 1.()()5 to 1.025 as the planet’s ciist[ince  varied during  the year.

2 March 14, 1995



II) the final :tn:ilysis,  the precision of the avcr~igc  flux dcnsi[y lllc:is~li”t:lllcrl~s  was three

pcrccnt  or better on all days rcpmcd  here. ‘1’hc precision of data from the 70-nl antenna

was typically better that two pcrccnt  as a result of its l;wgcr collecting area.

‘1’hc intensity mcasurcmcnts  of Jupiter were c:i]ibratcd  rclalivc to the flux density sca]e

established by Ilaars et al (1977) :ind upda[cd by Ott ct al ( 1994). ‘1’hc radio sources Virgo

A, 3C 286 and 3C295  were usu~ as primary calibrators and 1127-14 was a secondary

calibrator. ‘1’hc respective flux densities for t]wsc SOL1l CCS at 2295 M1 ]z. and epoch 1994.5

arc 138.64 jy, 1 1.50jy,  14.31 jy and 4.66 j)’.

VARIA’I’10NS  IN J(JI]I’I’l{l<’S  SYNC1 lRO’I’ROIX I: MISSION

“1’hc Svnchrotron  IIcaminu Cur& ‘1’hc intensity of Jupiter at ccntimctcr  wavelengths is

compriscci  of thermal emission from the atmosphere and synchrotrons emission from

cncrgctic electrons in lhc planet’s magne[ic fiLxld. ‘1’hc atnlosphcrc  radiates with an

equivalent tcmpcmtm  of 305 K at 13 cm wavelength (dc Patcr and Massie 1985) and the

corrcspondi]~g  flux density at 4.04 aLl is 2.02 jy.

‘1’he synchrotrm  component is known to vary as the :,eon~ctl  y of the radiation belts

changes with Jupiter’s rotation. When the intensity of tbc synchmtron  emission is plotted

against System 111 longitude, the familiar cloublc-peaked beaming curve is produced.  An

example of the beaming curve early in 1994 tx’fore [hc comc[ary encounter is shown in

l:igurc 1. ‘1’hc data points represent a comlmitc  set of mcasurc]ncnts  taken on several

nights to acquire covcragc  of all Systcm 111 Ic)ngitudcs.  l’hc dashed curve is discussed

below.

Figure 1 near  here

Ilach point represents the non-thcrmtd flux from a sing]c pair of O1:l:-ON-OI:F

mcasmmcnts taken in tbc azimuth and elevation mo]dinatcs. lhch  flux measurement was

multiplied by a l~(~]I]l:iliz.:itiO1]  Pactm-,  fd== (d/4 .04)A2 where (i is the distance of Jupiter from

earth in astrmomic:il units (au). Next the thrrm:il component (2.02 jy @ 4.04 au) was

subtracted and the rcsiciua]  non-thermal Comlmncnt  was multiplied by a pohiriz:itim

adjustment factor fll to account for the slight diffctmcc bctwccn  to[:il  flux and the flux

measurements, which were made with circuliir pohirimd  feeds (R(l) 34-nl; I.CP 70-nl).
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‘l”hc circular polarization of Ju~Ji[cr’s  synchrotmn  emission varies mith longitu~ie :ind

magnetic lii[itlldC  but is never large (().988< fp <1.01 2).

‘1’he observations from [tic ~ioldstonc  70-nl antenna were used to d~’rive a standard beaming

curve Iha[ could be used as a pI c-cncounkr  fcIklpla[c  10 aid in the search for possib]c

changes following [hc cometary impacts. It has been shown (de l’a~cr- and Klein 1989;

Klein ct al 1989) that [he shape of the synchromm  beaming curves at ccntimctcr

wavelengths can be adcqu:itc]  y rcprcscntcd by equations of the for] N:

S= S[)+-S1i- S2~Ansir] [I](k+Xr,)] (1)

where S is [hc total flux d~’nsity  normalized to a planet-earth distance of 4.04 au, S() is the

thermal component originating in the planet’s atmosphere, S1 rcprcscnts  a mean v:ilut  of

the synchrotrons flux and SZ is a scale fiicmr for the tc] ms of the 1 ‘ouricr series tha[

rcprcscnts  the synchrotmn  beaming curve. ‘1’he cocff]cicnts A,l [1[~(1 Lrl h[ivc been fo~]nd to

be stable over the 23-year history of the Jupiter  Patrol with values tll:it  vary prcdictab]y

with the paramter DC, [hc Joviccntric  declination of the Earth.

Jupiter observations using the ‘)()-m antenna in the winter and spring of 1994 were divided

into two composite (iata sets and least squares solutions were calculated for S 1, S2 :ind the

constants An and kr} for n= 1,2,3. The average values of the coefficients from the two data

sets arc listed in ‘1’able 1:
Al = 1.()()() L1 =  237.98 dcgrccs

AZ = 1.061 )L2 = – 66.86  dcgt”ccs

As = (). 190 L3= 8.55 degrees

SO = 2.02 jy is the thermal emission clescribcd :ibove and the avcrag,c  values S 1 and S2 arc

4.300 +/- ().()24 jy and ().444 +/ ().()04 jy. These values  apply for the intcrva] DCC 26,

1993 and Mar 29, 1994 ami they arc used along with ‘l’able 1 to calcu:i~c  the “template”

beaming curve shown by the dashed curve in Figure 1.

Avcrauc I:ILIX Before the (’omc[ Inlr)acts ?’hc avcra(:e flux for MC}] day was calculated

for the Gol(istone  data by fit(ing  the template beaming, curve to the (ioldstone datii  using the

cocfficicn[s  in ‘1’able 1 and solving for the best fit val~les  for S 1 and S2 . Monitoring the

average flux values, rcprcscntcd  by the tcm S 1, rcplaccs the tradition of monitoring the

average fluxes of (I)c two emission peaks that occur d[ming each m[:ttion pcrimi when

Jupiter’s magnetic equator sweeps across the observer’s line of si~ht from Il:irth. ‘I”his
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approach was sclcctcxl  by scvmil obsmwrs  (see dcl]a[cr et al 1995) to provide accurate

cslimatcs  of the mean value of the synchrotrons flux over the lo-hour rotation pcrio~i in the

event that Ihc IJcall]ing curve might bc distorted by “hot spots” of incrcascd emission

localizui in syslcm Ill longitudt. ‘1’his approach turned out 10 bc especially useful during

and after the impact  period in July.

‘1’hc values of S 1 and S2 were rcmark:ibly  stable over the six month period lc.ading up to [he

first impact on July 16. The average va]ucs of S 1 and S2 from June through the first two

weeks of July were S]= 4.290 +/- ().()26 jy and S2= ().449 -t/- 0.()()8 jy. l)eriodic checks

of the beaming curves over the same interval showed m departures from the 70-m tmpfare

curve. Obscrv:itions  of [hc 13-cm beaming curve on 15 July Showc>d no signs of change

just twelve hours before first ilnpact.

Qcrape I:Iux l:ollowin~  the (hmct impacts ‘1’hc first Golds[onc  obscrv:t[ions  of Jupiter

following  the onset of impacts were prc.cmptcd  by Otlmr Schedu]cd  Cxpcrimcn[s unlil  2230

U’I’ on 20 July when a significant incrcasc in the flux density was ilnmcdi:itu.ly  noted.

Mwisurtmcnts  wu.m then made on successive dates between 20 July anti 28 July, and drift

curves of the planet were made on several dates to search for evidence th:tt  the increased

flux might be the result of a spatial coincidence of Ju])iter and a background radio source in

the antenna beam. Within a few clays it was clear (Klein and Gulkis 1994) that the flux

increase was causc(i by Jupiter itself, and that the 13-cnl flux increase peaked on July 23.

“1’hc  complctc  SC( of Goldstone  observations from the 70-nl and the 34-111 radio telescopes

arc shown in 1 ‘igurc  2. “l”he  data points reprcsmt  the S 1 wilucs of tllc  nomt hcrmal  flux for

each date. ];ach data point is an average of 20 to 4(I individual measurements that typically

spanned four to six hours of the 10 hour period of the beaming curve. (Note that Jupiter’s

declination was too far south to provide northern obst:rvcrs  with view l)cri(xls  much greater

than six hours with the planet >20 degrees above the horizon.) ‘1’he relative error on each

d:ita  point is approximately +/- 1.5 percent.

Figure  2 near here

l~igurc 2 shows the sudden increase in Jupiter’s flux (Icnsity during the week of the

impacts. Maps of Jupiter’s thermal brightness at 3.6 and 6 cm wavclcng[h (dcl’atcr et al

1995) support the conclusion that the increase was in the synchrotrons component, and not

the thcrlnal component, of Jupiter’s microwave emission. If this conclusion is correct,
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I
I

Jul)itcr’s  synchrotmn  flux at 13-cml  increased ?.7 pcrcxnl during the week of the cometary

impacts. “]’hc results of similar incrcascs iil other wavelength arc summarized by dc Paler et

al ( 1995) who report that the incrc:isc was i~lcJljorliO1]:illy”  grcatcl  al higher frcqucncics,  i.e.,

Jupi[cr’s microwave spectrum “hmicncd” during the week of the impacts.

‘l”hc (;oldstonc n]casurcmcnls  show a period of high emission followed by a monotonic

dcclinc beginning in AUgLISt  ancl continuing [hrou~h (ktobcl  when observations were

intcrrupied  by Jupiter’s conjunction with the s(]n. Th~: dcclinc  in tllc 13-cn~  flux is

c(msistcnt  with an exponential with a time constant of approximatc]y  125 days.

hfcasurcmcnts  of this (iccay curve will resume in January 1995.

“1’hc llcaminz (l]rvc  I:ol]owing the Impac[s ‘1’hc syl~chrotron  beaming curves taken in

late July were found to bc distorted when corllp:ired  with the prc-cncountcr  curves. On

different dates some longitudes appcmd to bc bri~htcr  than the template fluxes but there

was no apparent cohcrcncc with rmpcct to lr:igmcnt itnpact  times. IIy early August  the

curve shape seemed to return to normal lvhcn plottc(i  as ii function of Systcm 111 longitude.

1 Iowcvcr,  subtle changes emerge when the intensity data are plotted as a function of

magnetic latitude mthcr than Systcm 111 longitude. Iim this technique {see Roberts and

Komcsaroff (1 965); Roberts and llkcrs (1968)) it is assumed that the synchmtron  emission

is dominated by the dipole component of the magnetir  field and that the intensity will

primarily be a function of the magnetic la~i[wlc of the observer. ‘1’hc change in intensity

with magnetic latitude is a function of the distribution of [be pitch angles of the elcctmns  at

the magnetic equator, i.e., electrons with pitch angles at 90 degrees (flat heliccs) will bc

sharply beamed at magnetic latitude 7,c1o wh(rms those with pitch angles <90 degrees will

radiate at higher latitudes.

‘1’hc magnetic hititudc of the llarth, V, r~littivc  to a Jovian dipole tilted at angle ~ to the

planet’s axis of rotation, is given by

Sin (~) = Cos(~)Sin  (Dc) +- Sin (J~)Cos(IJ ~) Cos(?L 11, – A ,,,),1)) (2)

where IJc = declination of lkrth as seen !rot]l Jupi(er, anti ~ IMllp identifies the systcm III

kmgitudc  when llartb and the dipole arc cxy]lanar and the northern magnetic pole is tilted

toward llarth.  A g(xxl  approximation for equation (2) is
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q)=:  I)c i pcos(k,[,  “ L,,,, *,) (3)

When the Go]dsmne data were plotlcd vs. magnetic latitude V, the post encounter curves

were noticcab]y  flatter, which su.ggcsts that the emission bcc:imc ml:itivcly brighter at

higher magnc(ic  latitudes. An cxamp]c is shown in ligure 3 where the data of July 29 arc

compared with the prc-encoun[cr  data t:ikcn  in March. ‘1’he dashed curve rcpments the

relation S = S((J)c~OS ‘(T) , where S(()) is the observed non-thermal flux density at

magnetic la[itudc zero and the best fit va]ucs of N for the March data arc N=4.9  for (- 14.5

< V <()) and N=8,7 (for ()< T <7). ‘1’hc norlh-south  assymetry  in the steepness of the

beaming curve is commonly observed and it is know[] to vary with l~c, which is a

]j:iral]lctcr  oftt]cviewillg  gco]l]clry. Illc(Jr}tl"fist,  tller(.ljrcscrltative  lJ(Jsl-crlc()L]  rltcrclata

(July 29) exhibit ii flatter slope suggesting [hat the emission is relatively brighter  at higher

magnetic l:ititudcs. ‘1’he bcs[- fit va]uc of N on July 29 was -3.2 for both positive and

negative values of V.

l’igure  3 near here

‘1’he flattening of the mag,nctic  la[itudc  beaming curve is noticcab]e  in the first measurements

taken after the onset of the collisions and appears to persist well into the month of August.
“l-his  trend can bc seen in Figure  4 where the best-fit values of N for (- 14.5< V<()) are

plotted against UT day-of-year number. Ihich data point represents a least-squares fit to a

complete 1 O-hour beaming curvr Tuadc up of two acij:icent  observing dates. “1’he dashed

curve in l:igurc 4 represents the avcra:c  v:iluc of N=5.02  (-14.5 < T <0) for the pre-

encounter obscrvat ions. ‘1’hc best-fi[ values of N for the northern magnetic latitudes

(0< V <7) in(iicate a similar ftattcning but the data ex}libit  a hirgcr lange. of scatter. The

average va]ucs before July 16 and after July 24 are, Iespcctivcly,  N=7.8 +/- ().6 and

N=4.5 +/- 0.6.

l:igure  4 near here

‘1’hc scatter of the data in l~igurc  4 is large enough that it is apparent that data from several

independent beaming curves arc required to captule  tt ends in the run of N vs. date. WC

note that the decrease in N is ncar]y conici(ient  with the peak of the llUX curve (hat occurred

about July 23 (approximately :i week after the onset of the impacts). I;urthermore,  the

minimum value of N, which corresponds with the maximum flattening of the beaming

curve, oecurre(i  around August 13 (d:iy number 22.5). These delays  of six to thirty days
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bctwccn  the inilia] inll)act  d:t[es and the beaming curve changes could prove [0 bc useful

paral]]clcrs (0 discrinlina(c  among competing ~)hysica]  models.

I) ISC(.JSS1ON

‘1’hc observations rcpord in this paper indicale that the intensity of’ Jupiter’s synchrotrons

emission at 13 cm wavelength incrcascd by 27 percent within a fci;’ days after the comet

impacts. A sudden incrcasc  of this is magnitude and timcscalc is unimcccdcntcd  in the 23-

ycar history of the NASA-J1>I.  Jupi[cr Patro]. Specifically, the da[a base is void of

variations greater than tcn-pcrccnt with timescales less than a mon[h.

(Xhcr changes in the charac[cristics of the synchrotrot] emission were also noted: ( 1 ) the

k)ngit udinal  beam ing curve was distorted during the ucck of [hr. umnc[ fragment impacts;

(2) Ihc m:ignctic la(itudc beaming curves fiattcncd  suggesting a plc.frrcntia] incmasc in the

e]]]ission  ;it higher magnetic latitudes; (3) the incrcasr in the synchrotrons emission decayed
from early August Ihrough l:ite October accol(iing  to the exp[cssi(m AS = 1. l(c- 1/125) ,

where AS is in j;inskys (nomalizcd  m 4.04 au) and t is the nul]]bcr of days from July 31,

1994.

‘1’hc rapid increase of flux density following the SL-9 impact implies that significant

changes have occurred in the population of relativistic electrons surrounding Jupiter. These

char]ges coLIld  bc related to changes in the mtc of radial diffusion, local accelerations of

electrons, or by a rcdistributim of the stca(iy state re]a[ivis[ic electrons. lJsing  the

combined information gainui from maps with high sp:~ti:il  rcsolu[i(  )n, beaming curves, and

polarization  n~casuren]cnts  obtained by the ntlmerous  obstu-vcrs  , it should be possible to

dccidc which of these alternatives will expain  the obstrvationa]  results. 1 ]owevcr,  there is

a growing pcrccp(ion  that the variety of postulated mechanisms that rapidly accelerate

electrons to relativistic energies or that m(xlify inward diffusion n~odcls  may be insufficient

to explain the observed effects of S1.-9. As a result, mechanisms for redistributing pitch

angles of the steady sate clcctmns  is beginning to receive serious at[cntion.

Ilolton and ‘1’hornc  (1995) sl]ggest  an hypothesis that ii local iz.c~i  mtchanism scatters the

clcc[ron (distribution in pitch angle and they dmonstratc  that the effects of such scattering

arc consistent with an increase in emission intensity, it)calizc(i  ilo[-s]ms in longitude and a

hardening of tile spectrum if the scattering is energy or pitch ang]c (icpcndcnt.  “J’hcy
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suggest whis[lcr mode wave sc:i[kring  as a po[cntial [Ilcchanism :in(i  si)ccuiatc that :in

incrcasc  in wave activity was s[inllilamd by the cwnc[  imp:icts.
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l~l(;  (JR1t  CA1>’I’l ONS:

l:igurc 1. l’hc beaming curve of Jupi[cr’s sync hrotmn mission a[ 2295 Ml IZ ( 113 cm)

before the (lmct S1.-9 impact. lltt:i WCIC taken with the NASA 70-nI an(cnna at

Goldstonc,  CA bet wccn 27 l;cbruary  ;ind 29 March 1994; dashed curve rcprcscnts

Ilquation  1 with S I =4.30  jy, S2 =().444 jy and the coefficients from “I”ablc 1.

I:igurc 2. “1’hc intensity of Jupiter’s synchrotrons emission at 2295 Ml lz. normalized to a

distance of 4.(M iiu. I)ata points rcprtxnt  ~iaily estimates of average synchrotrons

component S 1 from cqu[ilion 1. “I’tlcti]cl’lllli]  collll>O1lelltS  ~=2.02°  jywassubtractcd

from each mcasurcn]cnt.

];igurc~. ]lcallli[lg ctlrvcs s!~()\villg  lllftgf]ctir  ]ii[itli(ic  de]Jc[lc!cllcc  () fJl]]~iler's sy1]c}]rotr(l]l

mission at 2295 N41 IZ bcfort (March) and after (.luly 29) the impact of S1.-9. “1’he
heavy dashed curve in both panels rcprcscnts the expression S= CosN(q)  with N=4.9

for q < () anti N=8 for q >(). ‘1’hc dashed  curve passin~  through (1]c July 29 data is

the best fit curve with N=3.2 for (. 14.s < v <()).

Iiigure 4. Measurements of the parameter N derived from the magnetic latitude beaming

cw-vcs  of the Goldstonc  data using the expression SOCCOSN(q)  for southern magnetic

latitudes (-14.5 < q <()). ‘1’hc dashed line rcpmcnts the averaf!,c  value of N (and Q <0)

from Dcccmbcr 1993 though July 151994.
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